Superficial fungal infections are a major epidemiological issue with increasing prevalence and are a common global problem. This article describes experimental therapy of superficial fungal skin infection using low-temperature plasma. Groups of guinea pigs were artificially infected with Trichophyton mentagrophytes SK 3286 dermatophyte and treated with plasma produced by a DC cometary discharge with an inserted grid. The course of infection was a week shorter and milder in animals treated by plasma than that in nontreated animals, the significant lowering of dermatophytic germs also occurred in the treated group. The exposure to plasma causes no harm to experimental animals. The results allow for the development of a new dermatophytoses therapy by low temperature plasma treatment.
Introduction
Superficial fungal infections are a major epidemiological issue with increasing prevalence 1 and are a common global problem. The high prevalence of superficial mycotic infections shows that 20-25% of the world's population has skin mycoses, making them one of the most frequent forms of infection. Pathogens responsible for skin mycoses are primarily both anthropophilic and zoophilic dermatophytes from the genera Trichophyton, Microsporum and Epidermophyton. 2 The treatment of dermatophytosis including onychomycosis has come a long way over the past few decades with the introduction of oral antifungals. However, with these advancements in oral therapies come several undesirable effects such as kidney and liver toxicity, along with drug-drug interactions. Consequently, there is a need for new topical agents that are effective against dermatophytosis. 3 Here we present the nonthermal plasma (NTP) as a possible alternative for the mycosis treatment. The antifungal efficacy of NTP was investigated using a The nonthermal plasma (NTP, also low-temperature plasma or cold plasma) is the partially ionized gas; its energy is stored mostly in free electrons, so that it is held at a low ambient temperature. NTP is produced by various electric discharges, such as corona discharges, dielectric barrier discharge, gliding arc, electrospray, plasma jets (plasma pencils), and so forth. 4, 5 It is widely used in various fields from physics and chemistry, biological and life sciences to medicine. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The biological effects of NTP are considered as actions of reactive molecules and radicals generated by plasma and referred to as reactive oxygen species (ROS) and reactive nitrogen species (RNS), sometimes summarized as reactive oxygen and nitrogen species (RONS). The nature of plasma-chemical reactions is rather complex and a bulk of RONS were detected.
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The NTP appeared to be a useful tool for decontamination up to sterilization of various surfaces or liquids, that is, for inactivation or killing of various infection agents. This effect was studied mostly on bacteria and yeasts; from the pioneering work of Mizuno and Hori, 22 many articles have been devoted to this topic, for example, Scholtz et al. 23 NTP also appeared to be efficient for the inactivation of prion proteins, 24, 25 or bacteria in biofilms. 26 Reports concerning the inactivation of micromycetes, however, are only scarce. 27, 28, 29 Ouf et al. 30 reported that the inhibitory effect of silver nanoparticles on Epidermophyton floccosum and Trichophyton rubrum is enhanced by the contemporary application of NTP. This effect was proved not only in vitro but also in vivo on dermatophyte-inoculated guinea pigs. The mechanism of this effect was explained using scanning electron microscopy, showing electroporation of the cell walls and the accumulation of silver nanoparticles on the cell wall and inside the cells. Among other recent dermatological applications of NTP, attempts to cure psoriasis 31 or improve herpes zoster exacerbations 32 can be mentioned. We also attempted to decontaminate the living human skin from bacteria 33 and from Trichophyton interdigitale infection, 34 where a therapeutic effect was observed. In our previous work and in this work, we used a cometary discharge 35, 36 with an inserted grid 37, 38 to produce NTP. Briefly, this discharge appears on specially arranged needles as a stream of plasma resembling the tail of a comet. This stream may target objects including living organisms; the decontamination of the target is usually achieved within minutes. An electrically isolated metallic grid inserted between the plasma source and target object improves the efficiency of decontamination.
In this work, we attempted to confirm our previous results 27, 28 
Animals
All animals received humane care in accordance with the guidelines set by the Animal-welfare body of Faculty of Medicine in Hradec Králové, Charles University in Prague, Czech Republic. The protocol of the experiment was approved by the same committee (No. MSMT-6725/2015-5).
Experimental study was performed in guinea pigs strain Dunkin Hartley (breeder Sobota Ltd., Heřmanův Městec, Czech Republic) housed under standardized conditions (12-hour light/12-hour dark cycle, temperature 19 ± 2
• C, air humidity 40 -60%) in Vivarium of the Faculty of Medicine in Hradec Králové, Charles University in Prague, Czech Republic. The guinea pigs were kept in cages, each containing five animals, males and females separately. The vivarium was disinfected regularly by standard procedures, additionally every week also by fumigation using ultrasound apparatus ECA 400 (EcaTech, Ltd., Brno). The animals had access ad libitum to the standard diet for guinea pigs and rabbits (VELAZ Inc., Lysá nad Labem, Czech Republic) and to drinking water with added vitamin C.
[C] Body weight was checked weekly. Before the experiment, the dorsal skin of all animals was shaved using an electric razor for small animals (Osten, Golden Two Speed, A5 Clipper, USA) under ether anesthesia. The clean-shaved area was scarified using a waterproof abrasive grid granularity 60 (Rigips, Knauf Group, Germany), which had previously been cut into 25 × 30 mm pieces and sterilized in ethanol for 1 hour. The scarification was performed by moving the grid on the skin three-times from head down and back, the scarified area was rinsed with physiological saline. On the scarified area, the square of 25 × 25 mm was outlined using a felt pen, and experimental animals of group 3 and 4 (see below) were inoculated with dermatophyte conidia suspension as described above. The day of infection was considered as day 0.
Experimental groups
Animals were divided randomly into four groups with ten animals per group, with five males and five females in each group: Group 1. Animals with scarified skin, not infected and placed into a fixation box. (Negative control observing the influence of manipulation stress.) Group 2. Animals with scarified skin, not infected, placed into a fixation box and exposed to plasma as group 4. (Negative control observing the influence of plasma exposure.) Group 3. Animals with scarified skin, infected with dermatophyte conidia suspension and placed into a fixation box. (Positive control.) Group 4. Animals with scarified skin, infected with dermatophyte conidia suspension, placed into a fixation box and exposed with NTP as described below. (Experimental group.)
Plasma generation and exposure
We used the cometary discharge with an inserted grid 37, 38 to produce NTP. The cometary discharge is produced between two needle electrodes connected with stabilization resistor of 10 M to the power supply UT 513 delivering DC voltage of 5 kV. The electrodes are arranged at an angle of 30
• , their tips are 5-7 mm apart, and the tip of the positive electrode is shifted 1 mm above the negative one to get the jet discharge. Under the current between 50 and 100 μA, the discharge resembling a comet's tail appears between the electrodes. Due to the appearance of this discharge, its characteristics seem to be similar to the common positive or negative corona discharge, that is, the density of the charged particles about 10 9 −10 13 cm
and the electron temperature about 5 eV. 36, 37, 38 The electrodes were covered by the plastic chamber for safe handling, and an electrically insulated metallic grid was inserted between the comet and target exposed object. The grid was made of the stainless steel net with a mesh size of 1 mm. The schematic view of the apparatus is depicted in Figure 1 . The exposure to plasma began on group 4 animals 10 days after infection, to enable the development of mycosis. Group 2 was exposed at the same time but without fungal infection. During the twelve exposures all animals were placed in the fixation box and exposed to NTP. The animals of groups 1 and 3 were also placed in the fixation box but without exposure to NTP. The exposure was performed for 10 minutes at days 11, 14, 16, 18, 21, 23, 25, 28, 29, 32, 35 , and 37 after the initial infection.
The power consumption of NTP production P for the maximal current I = 100 μA, and input voltage U = 5 kV is equal to P = U · I = 0.5 W. It is just double the maximum value of 0.25 W, allowed by sanitary standards for cellular phones. In previous experiments, the influence of NTP exposition on skin temperature elevation was negligible (change < 0.5 K). The energy consumption for one 10 min exposition was E = P · t = 300 J; the total energy consumption for all 12 treatments of one animal was E = 3600 J. 
Samples
Samples were taken from the whole infected skin area of Group 3 and 4 animals. In attempt to improve the reliability of germ count determination and to determine the infection development in more details, samples were taken by two techniques:
(a) smearing the outlined area with sterile cotton swabs and inoculation on the whole area of Sabouraud agar in 9-cm Petri dishes; (b) direct skin imprint by pressing the surface of Sabouraud agar in 9-cm Petri dish for 2 s against the outlined skin area.
Samples were taken by both methods once for each animal at days 4, 7, and 9 to inspect the infection progression before plasma treatment. During treatment, samples were taken always before the plasma exposure at days 11, 14, 16, 18, 21, 23, 25, 28, 29, 32, 35, and 37, to monitor the healing process.
Evaluation
After incubation of plates at an ambient temperature of ca 22
• C for 7-14 days, the colonies on agar were counted and its number considered as number of dermatophyte cells (colony-forming units, cfu) on the examined skin area. Statistical analyses were performed using the Student's independent two-sample t-test (unpaired t-test). The numbers of colony-forming units taken by smears and imprints were compared separately for the exposed and unexposed animal groups. The statistical significance was marked by one asterisk for statistical significance P < .05, two for P < .01, and three for P < .005. Differences were considered as significant at P < .05. On day 38, all animals were killed in ether anesthesia and dissected. Liver, gallbladder, spleen, stomach, small intestine, colon, kidney with adrenal glands, lungs, heart, and thymus were examined during the dissection process. The outlined areas of skin were excised and examined histologically; the histological scoring system is shown in Table 1 .
Results
The pertinent results are summarized in Table 2 . The body mass of animals before experiments ranged from 328 ± 40 g, during the experiment the weight of all animals increased in all groups reaching the range 437-696 g (the average weight was 489 g in group 1, 482 g in group 2, 543 g in group 3, and 478 g in group 4). One male from group 4 accidentally died during experiment; its autopsy showed acute gastroenteritis as the cause of death, probably not connected with the experiment.
The dissection of all other animals showed the physiological appearance of examined organs. The histology of skin samples from animals in group 1 and 2 showed a physiological picture without remarkable signs of acute or chronic inflammation. All structures matured; no irregularities caused by tissue damage or repair were observed. In both group 3 and group 4 in comparison with group 1 and group 2 we noticed alterations of count and regular appearance of well-formed adnexa, namely, hairs and evidence of healing processes; these changes were more frequent in the case of group 3. In the group 3 samples we recognized persistent changes after recent infection, namely, occasional local Severe (see fig. 3 and 4) Group 4: experimental 320 g/478 g Physiological appearance 1
Mild (see fig. 3 and 4) inflammatory infiltration (see Fig. 2 ). In group 4, we found no such cellular sign of persisting inflammation; the absence of cellular infiltration resembled the samples in group 1 and 2.
The results of fungal germ counting are summarized in Figure 3 for the smearing and in Figure 4 for the imprinting. Although these methods of sample taking yielded different absolute values, the dynamics of cfu numbers was the same: It is apparent that both methods of sample taking detected the dermatophyte occurrence on the 9th or 11th day after infection. The maximum of germ counts occurred in all cases on about 14th and 16th day, but the counts were lower in the treated group 4. The statistically significant differences were detected during the most severe stage of the infection for the smearing detection method only and are depicted as signs in Figure 3 . Untreated animals of group 3 remained highly positive by cultivation up to the 29th or 32nd day; on the contrary, the positivity in the treated group 4 had almost vanished by day 23 and had totally vanished by day 32. This claim was also supported by the imprint sampling method, where the significant differences between groups were detected on the last days of infection. The imprinting sampling method is probably more imperfect and less appropriate in the severe stage but more sensitive in the decline stage of infection. Moreover, the overall differences in detected colony-forming unit counts were found significant at P < .05 in both cases of sampling methods.
Discussion
The body weight in guinea pigs in all experimental groups increased. The differences in body weight between groups were not found, which implies good health status of all animals.
Any manipulation including plasma exposure does not affect experimental animals, namely their weight, appearance of inner organs, and histology of exposed skin. This was proved by control experiments enumerated under Results and is in accordance with previously published studies declaring the harmlessness of plasma for human skin. 33, 39, 40 Concerning the histological picture of skin affected with dermatophytosis, it was described in detail by Shi et al. 41 : it was characterized in the early stages of infection by inflammatory cell infiltration, hyperkeratosis, acanthosis, and edema at the stratum granulosum. Conidia and hyphae were only present in the stratum corneum at the beginning of the experimental period. In our observations, performed after subsiding the acute stadium, we found no significant alterations in the histological picture of infected skin in either the infected and control group, except the signs of recent infection. The ability of low-temperature plasma to inactivate dermatophytic micromycetes was previously reaffirmed by in vitro studies (see Introduction for references). The results of the present study confirm the efficacy of plasma also on a dermatophyte growing in vivo on living skin. The plasma exposure caused both the lowering of growing micromycetes, expressed as colony-forming unit count, and shortening the course of infection, apparent as about a week earlier remission of dermatophyte skin infection and confirmed by the histological picture. The observed therapeutic effect including its time course matches the results of our previous study on the therapy of human patient dermatophyte skin infection. 34 However, the sensitivity of fungi (dermatophyte) to plasma is apparently lower than the sensitivity of bacteria or yeasts. It follows from numerous in vitro studies, where the exposures in order of minutes were sufficient for bacterial inactivation, whereas longer exposures were necessary for the inactivation of fungi. For example, we found a 25-minute exposure as necessary for the inactivation of anthropophilic species. 29 Moreover, the exposure times required for inactivation differed markedly for other species, so that we did not succeed in inactivation of some zoophilic and geophilic species even during exposures longer than 30 min. In the study of Ouf et al., 30 significantly different tolerance to silver nanoparticles and NTP was also found between Epidermophyton floccosum and Trichophyton rubrum. This holds also for in vivo studies: we were able to completely suppress the bacterial microflora on human skin during a single 2-10 min exposure, 33 whereas multiple and longer exposures are needed for fungi. It was verified that exposure to low-temperature plasma causes no damage to experimental animals. The dermatophytic infection Trichophyton mentagrophytes in the guinea pigs was a week shorter and milder in animals treated by plasma than that in nontreated animals. The significant lowering of dermatophytic germs also occurred in the treated group. These conclusions, together with previous results, give a chance for the elaboration of a scheme for the therapy of dermatophytosis by low-temperature plasma treatment.
